I. The degree of electrotonic coupling between a given synapse located on a dendrite and the spike trigger zone is a major determinant of the relative influence of that synapse on neuronal firing. The degree of electrotonic coupling between a synapse and the recording site also influences the measurement of the biophysical properties of that synapse. We present theoretical justification for a practical method for determining the electrotonic coupling between any given remote synaptic input and the site of intracellular measurements. We also derive useful equations for the electrophysiological characterization of that synaptic input. The approach is independent of many of the assumptions of the equivalent cable model (39).
I. The degree of electrotonic coupling between a given synapse located on a dendrite and the spike trigger zone is a major determinant of the relative influence of that synapse on neuronal firing. The degree of electrotonic coupling between a synapse and the recording site also influences the measurement of the biophysical properties of that synapse. We present theoretical justification for a practical method for determining the electrotonic coupling between any given remote synaptic input and the site of intracellular measurements. We also derive useful equations for the electrophysiological characterization of that synaptic input. The approach is independent of many of the assumptions of the equivalent cable model (39).
2. The neuron is depicted as a linear twoport electrical network, with the site of potential recording and current injection representing one port and the synaptic input the other. Derivations are presented for three parameters of the network: k12, k2], and k2.
3. k12 is the electrotonic coupling coefficient between the recording site (usually the soma) and the subsynaptic membrane. It defines the degree of steady-state voltage decay from soma to synapse. It also defines the charge transfer from synapse to soma and the steady-state current decay from synapse to soma when a voltage clamp is applied to the soma. k12 can be determined empirically by measuring the change in the reversal potential as a function of ionic manipulations in the extracellular medium. Given k12, the true synaptic equilibrium potential and 606 conductance ratios of the ions involved in the synaptic potential can be calculated.
4. k,, is the electrotonic coupling coefficient between the synapse and the soma. It defines the degree of steady-state voltage decay from synapse to soma and the charge transfer and current decay from soma to synapse. kzl can be determined empirically by "clamping" the subsynaptic membrane to the synaptic equilibrium potential and measuring the potential at the soma* 5. k2 is the product of k12 and k,,. It can be used to estimate k12, k21, and the synaptic conductance change. k2 is determined empirically by measuring the change in synaptic potential or current amplitude as a function of membrane potential at the soma.
6. We discuss the assumptions inherent in the various derivations and present methods for reducing potential errors.
INTRODUCTION
What conclusions can be drawn about synaptic conductances and equilibrium potentials from intracellular measurements? The inevitable separation of the recording site from the synaptic region causes these measurements to be a distorted and attenuated reflection of the actual synaptic input. The problem, then, is how to estimate the accuracy of these imperfect data and how to extract as much information as possible from them.
Several methods have been devised for this purpose. A purely histological approach such as that used by Globus and Scheibel (14) and by Rogers (43) may reveal the anatomical distance of synaptic inputs from the cell body, but it does not directly indicate the efficacy of these synapses in altering the membrane potential at the soma. In this case the "electrical distance" of the synapse from the soma becomes the more relevant parameter. Two methods for determining the electrical distance of remote synapses from measurements at the soma have been developed in some detail. The first depends on an analysis of the time course of the synaptic potential (7, 40) . The second compares the reversal potential of the postsynaptic potential with the assumed value of the actual synaptic equilibrium potential ( 17). Both methods require the reduction of the neuron into an equivalent cable model and prior knowledge of the appropriate parameters (r,, L, and p) (39). The first further assumes that the synaptic input behaves as a current source with a monophasic time course of brief duration. Several other methods have been derived for estimating electrical distances of synapses, each with its own set of necessary assumptions (17, 24, 25) .
Because of the need for a more generally useful method for studying remote synapses, we set out to derive a new approach for determining the true synaptic equilibrium potential and the attenuation factors, or electrotonic coupling coefficients, which specify the transfer of voltage, current, and charge between the site of microelectrode impalement and the synaptic region. Our approach imposes no arbitrary assumptions regarding the electrotonic structure of the postsynaptic neuron or the biophysical properties of the synapse. It does not require that the neuron be adequately represented by a cylindrical equivalent cable model, nor does it demand spatial invariance of the electrical constants of the membrane or cytoplasm.
Its applicability in particular cases will depend on the technical feasibility of the necessary measurements. These involve the same basic manipulations required by previous approaches to the problem, namely, that the experimenter be able to insert at least one microelectrode into the cell for the injection of current while recording membrane potential, elicit a pure excitatory or inhibitory synaptic potential, alter the external ionic environment, and reduce any voltage-dependent ionic conductances that might cause troublesome nonlinearities. A drawing from a Golgi-stained hippocampal CA3 pyramidal neuron is shown at the top for illustrative purposes only. The normal site of electrode impalement and the location of a hypothetical synaptic input to dendrites are depicted. The two-port network shown below is the model for which equations were derived. The box labeled cell includes all parts of the neuron into which current flows. The left side of the network is the site of electrode impalement; the right is the site of synaptic input. V,, II, V,, 12, E,, and G, are defined in the text.
METHODS

Model
The goal of this analysis is to infer as much as possible concerning postsynaptic phenomena from measurements performed at a site out of the immediate vicinity of the synapse. The typical experimental situation involving a remote synapse is depicted by the diagram in Fig. 1 . All potentials are measured relative to the "resting" potential of the cell.
The sites of electrode penetration and synaptic input could be located anywhere in the cell. For the sake of clarity, in the following discussion they are portrayed, respectively, as being in the soma and on a dendrite. Transmembrane potentials at these points are called VI and V2. Current injected by the electrode into the cell is II, and the current that enters the synapse is 12. The synapse is represented by the equivalent conductance GS, with the associated equilibrium potential E,. The electrical properties of the cell are represented by the box labeled cell. This includes all parts of the cell, such as axons and dendrites, through which current flows after entering at the synapse or electrode-penetration site. This analysis presupposes that membrane current is a linear function of membrane potential ( Vm) and that in the range of interest, ionic conductances do not change significantly with ym. In general, this assumption is reasonable for small fluctuations of ym. In some cases, however, standard pharmacological methods may be required to reduce the voltage dependence of certain ionic conductances.
The basic model shown in Figs. 1 and'2 is similar to that used by Watanabe and Grundfest (52) and Bennett (2) for the analysis of coupling across gap junctions.
Wachtel (5 1) and Wilson and Wachtel(54) also used a two-port network to represent coupling between synapse and soma for voltage-clamp simulations.
Under these conditions, the model becomes a linear, two-port system from which many useful results have been derived (27) . In particular, the cell can be represented by a IT network, as shown in Fig. 2 . The relationships between VI, II, y2, and I2 can be stated in terms of the impedances ZAr ZB, and ZC. Starting with this model, the subsequent analysis derives, in turn, three simple ratios or electrotonic coupling coefficients, klz, kzl, and k*, which describe the attenuation of voltage, current, and charge between the soma and the synaptic region, After each derivation, empirical means for determining these electrotonic coupling coefficients are briefly considered (Table 1) .
Several of the derivations presented in the following sections will be carried out under two common but quite different experimental conditions. To avoid misunderstanding, we define these experimental conditions here.
Despite the suggestive appearance of Fig, 2 Under conditions of a current clamp, current becomes the independent variable and voltage the dependent variable. By analogy with the definition for voltage clamp, current-clamp conditions are those in which the net current across the plasma membrane has at all times a known and constant value. The net current is defined as the total current flow between an intracellular electrode, attached to a source with an infinite output impedance, and an electrode in the extracellular space. It should be noted that the magnitude (whether zero or nonzero) and polarity of the constant current do not enter into the definition for current clamp. Again, the experimental details involved in achieving a current clamp should not concern us. However, since the term current clamp may be less familiar than voltage clamp, it should be pointed out that a current clamp can be achieved with or without the neuron being contained within an active feedback loop. The usual procedure for achieving a current clamp is through the use of a voltage-controlled current source that provides for a constant-current injection into the cell. From the model (Fig. 2) , the potential V2 at the subsynaptic region in the dendrite can be written in terms of the synaptic current 12 and the soma potential VI as
only)
When VI is at the reversal potential for the synapse, Vz = E, and there is no synaptic current flow, i.e., I2 = 0. Equation I then simplifies to zl? v2 = ~ zl3 + zc VI (2)
In the steady state this can be rewritten as
where RB and Rc are the steady-state or DC equivalents of ZB and Zc, respectively. Thus, when the DC potential at the soma is driven away from the resting level by an amount ul, only a fraction of this potential change reaches the subsynaptic region. We will call this fraction k12, the soma-to-synapse electrotonic coupling coefficient. The wider utility of this ratio If the soma is voltage clamped, any currents that arise in other regions of the cell and arrive at the soma must pass through the clamp circuit instead of through the soma membrane. This includes postsynaptic current (PSC).
In the model in Fig. 2 , the total clamp current is II, which is given by The second part of this expression is simply the "holding current" that displaces the membrane potential from its resting level. The first term is the change in clamp current due to injected current at the synapse. Therefore, the current (PSC) recorded by the voltage clamp in the soma due to synaptic action is It has been suggested that synaptic charge measurement may provide a more accurate index of synaptic efficacy than peak current or voltage (1, 6, 35) . Fluctuations of quanta1 release latency (3 1) can produce variations of peak amplitude, but would not affect charge measurement (T. H. Brown, personal communication). Since charge is determined by integrating the PSP or PSC waveform, it should also be more immune to other sources of noise than peak measurements (lo), as long as the waveform can be distinguished from background noise (13). Finally, charge decay from point to point in a passive cable depends on the DC space constant, whereas decay of peak current or voltage is influenced more by the AC space constant ( 17, 35, 48 ). This section derives several results that may be useful in the interpretation of charge measurements.
If the soma and synapse are not isopotential, measurements performed at the soma will detect only a fraction of the total charge, qs, entering at the synapse. We show here that this fraction is specified by k12, regardless of whether voltage-or current-clamp techniques are used, However, comparing the results of these two approaches can reveal further information about the nature of the synaptic event.
Under voltage clamp, the relationship between synaptic and clamp current (equation 6) so the integral of the PSC recorded by the voltage clamp in the soma will be proportional to the total charge qs by a factor equal to k,,.
Under current clamp, il is constant, so whatever fraction of synaptic current reaches the soma must flow through ZA rather than through the microelectrode.
In this situation, estimation of qs uses the integral of the soma voltage transient produced by synaptic activity, *upsp. The difference should be greater for inhibitory synapses, which have a small driving force (9). If synaptic activity causes a decrease of ionic conductance, the inequality should be reversed. Comparison of the integrals GN Jr upSpdf and JF ipsCdt should therefore allow one to decide whether a conductance increase or decrease mechanism is involved. This comparison does not require knowledge of k,, and could, in some cases, provide a clue to the underlying reversal potential and ionic species.
MEASUREMENT OF klz. The most direct approach for determining the coupling coefficient k,, relies on the fact that it is the attenuation ratio of voltage from soma to synapse. Given both the synaptic equilibrium potential E, and the reversal potential vu,,, measured at the soma, then, by equation 4 kl2 = Esfvrev (18) noting that Iv,,1 will always be greater than or equal to /Es/.
If the PSP represents a change of conductance to a single ion (e.g., chloride), then for two extracellular chloride concentrations h,Avrev = The sum of these slopes will be the reciprocal of k12. This analysis can be extended to more than two ionic species by similar equations. If, by chance, some unsuspected ionic conductance increase participates in the synaptic event, then this method will yield an overestimate of k12.
Given k,, and v,,,, equation 18 yields the synaptic equilib rium poten tial. Furthermore, in the case of a polyioni c synaptic current, the slopes of the various Av,,, versus AE plots allow one to find the ratios of the underlying ionic conductances (e.g., g&g, is obtained by dividing eqzdation 23 by equation 24).
Second coupling coefficient, kZI
The development of k,, parallels that of synapse when V2 is constant.
MEASUREMENT
OF k,,. dendrites are i sopoten .t
When the soma and ial, k, 2 = k 21 = 1. Otherwise, since ZA and ZB will in general not be equal, k,, and kZI will have different values and must be determined separately. In most cases, however, klz > kzl (15, 41).
A lower limit or underestimate for kzl can be found experimentally if it is possible to summate the synaptic input, so that v2 approaches a steady state. Then in the current-clamped cell v2 will be a fraction of E, given by v2 = aE,
where a = l/(1 + GBX/cs)
c, is the average synaptic ing summation, and 1 1
is the DC input conductance of the cell as seen from the synaptic locus. The summated klz. The soma potential can be expressed in PSP recorded in the soma will then be terms of the injected current II and the potential V2 at the dendrite by
Knowledge of E,, obtained as described in the previous section (MEASUREMENT OF k,,), yields &, an underestimate of k,,. For example, if G, = GBX, then a! = 0,5 and the ratio %PSP /E, will be half as large as kZ1. For a modest c,, the best estimate of kZI will be obtained under precisely those conditions that maximize RBX (the input resistance of the neurun at the synapse) and minimize kzl, e.g., when synaptic input is onto a fine terminal branch. An improved estimate will also result if G, can be made much larger than G BX, so that a approaches unity. A recent report suggests a method for achieving this. Repetitive nerve stimulation produced a massive, asynchronous release of acetylcholine (ACh) at the frog neuromuscular junction when extracellular calcium (Ca"') was replaced by barium ( Ba2+) (46). The rate of ACh release appeared sufficient to drive the end-plate region to its synaptic equilibrium potential. This effect could be used to determine k,, if Ba2+ has the same action at other synapses.
A lower estimate fur k,, and kI1: k2
The electrotonic coupling between soma and synapse is described completely if k,, and kzl are known. However, the measurements required to find these coefficients may not be feasible in some preparations. For example, the synaptic equilibrium potential E, may be undetermined. In this case, the ratio %PSP I %v may be informative This expression is derived by eliminating E, from equations 18 and 32. Since both k,, and k,, are less than or equal to 1, their product must be an underestimate of each. It will be convenient to call this product k2 k2 = k12kz1 S (klZ and kzl) S 1
If k,, 11 1, then k2 N kzl. If the reversal potential is unknown, the effect of soma potential uul on the magnitude of the PSP or PSC (measured under currentor voltage-clamp, respectively) can be used to obtain an underestimate for k2 (see AP-PENDIX I for derivations)
and k2 >_ dkPSC/d% diPSCldV1
where duSPSP/dul and diSPSC/dV1 are the slopes of the plots of the summated postsynaptic voltage or current versus ZJ~, and dvpsp/ du, and diPSC/dul are the slopes of the plots of peak amplitude of postsynaptic voltage or current transients versus z+. If it is possible to drive 2.~~ to a steady-state value, or if 21~ can be driven close to E, (e.g., by repetitive presynaptic stimulation in the presence of Ba'+), the approximations to k2 will be very close (see APPENDIX I). Example calculations for k12, k21, and k2 taken from the literature are given in the DISCUSSION under Practical demonstrations.
Having estimated k2 and determined the apparent reversal potential, Vu,,,, for a given synapse, one can set upper and lower limits on the true synaptic equilibrium potential, E,. Recalling equation 18, the definition of k2 (equation 34) yields k2 5 k,, = Es/v,,, 5 1
Thus, ~rev and k2 can be used to "bracket" Es k2bre,I 5 IESI s I%Yl (38) DISCUSSION A description of the spread of potential and charge between regions of synaptic input and the spike-initiation zone is of fundamental importance to the understanding of neuronal function. Used in conjunction with complementary approaches to the analysis of electrotonic structure, such as those applied to spinal motoneurons (39), dorsal-root ganglion cells (5), and hippocampal neurons (3, 14), the methods outlined here could provide more insight into neuronal integrative properties.
We have defined three coefficients that describe the electrotonic coupling between the soma and the synaptic region. The first of these, k12, is a measure of the steady-state decay of voltage from suma to synapse. It also specifies the fraction of synaptic current (in the steady state under voltage clamp) and total synaptic charge (under voltage or current clamp) that reach the soma. To determine k12, the apparent reversal potential in the soma is measured as a function of the ionic composition of the extracellular fluid. These measurements also yield the value of the true synaptic equilibrium potential E, and the conductance ratios of the different ions involved in the PSP, The second coupling coefficient is kzl, which specifies the steady-state electrotonic decay of voltage from synapse to soma as well as the decay in steady-state current and total charge from soma to synapse. It can be determined by clamping the potential at the subsynaptic membrane close to E, and observing the resulting potential in the soma. Prior knowledge of E, provides a measure of kzl.
The product of k12 and k,, is defined as k2. This coefficient can be calculated from the variation in PSP or PSC amplitude with the soma potential. It provides an underestimate of k12 and k,, and can be used to calculate one if the other is known Since in most experimental situations k,, is larger than kzl, and may in fact be close to unity, k2 may in some cases be a reasonable approximation for k,, .
In deriving these coefficients, no restrictive assumptions were made regarding the electrotonic structure of the postsynaptic cell or the biophysical properties of the synapse itself. Spatial uniformity of passive properties also is not required, nor must the cell be reduced to an equivalent cable. Synaptic events of long duration are just as amenable to study by the methods we outline as are those that are brief.
This analysis is based on common neuronal properties that are well established in the literature, but certain points deserve special comment. The synapse was represented by a battery in series with a variable conductance. In deriving k2, this conductance was assumed to be independent of membrane potential. This may not be justified for all excitatory synapses (30, 50) . This representation of the synapse also requires a pure excitatory or inhibitory postsynaptic potential (EPSP or IPSP), with all synaptic terminations located at sites of equal electrotonic coupling to the soma so that there is a single potential at which the synaptic current is zero. Tn some preparations, synaptic input is comprised of mixed excitatory and inhibitory components (22) so that it may be necessary to block one or the other component by pharmacological means. Application of this analysis might also be difficult when synaptic input is distributed over a wide range of electrotonic distances (e.g., climbing fibers onto cerebellar Purkinje cells, Ref. 29) . The waveform of a single PSP produced by one presynaptic axon would then be a composite of several temporally dispersed individual PSPs. This could make it difficult to identify a single reversal potential. This would not be a problem if one can drive the synaptic event to summation. The measured coupling coefficients would then be a weighted average of those of the individual synaptic inputs.
The assumption of linearity (voltage independence) of membrane resistance is common to most previous theoretical analyses of electrotonus (2, 6, 17, (34) (35) (36) (37) (38) (39) (40) (41) (42) . Deviations from linearity will affect primarily the determination of k12 for an excitatory synapse, since this requires large depolarizations.
Because of increased membrane conductance at these depolarized potentials, the measured k12 should be an underestimate of the electrotonic coupling at normal membrane potentials.
Several procedures can be used to reduce voltage-dependent nonlinearities in membrane resistance. For example, the intracellular injection of cesium (3, 20-23) or tetraethylammonium (44) can greatly reduce delayed rectification. Intracellular injection of local anesthetics such as QX3 14 or QX222 blocks voltage-dependent Na+ and K+ channels (12, 32, 44, 49) . Ca2+ currents and Ca2+-dependent K+ currents can be reduced by raising extracellular magnesium concentrations (16). This also reduces other voltage-dependent membrane conductances but still permits elicitation of a synaptic potential as long as Ca2' remains in the bath (T. H. Brown and D. Johnston, unpublished observations). Intracellular injection of Ba2+ also reduces potassium conductances and may be useful in some preparations (4547).
The feasibility of this approach depends also on the ability to measure membrane potential accurately while injecting polarizing current.
The standard Wheatstone bridge arrangement for passing current through one microelectrode is subject to considerable error at the large currents that may be required. Either two microelectrodes or a single-electrode time-sharing system (4, 19-23, 26, 53) Analyses of electrotonus in continuous cables (17, (35) (36) (37) (38) (39) (40) (41) (42) lead directly to these expressions for klz and kzl
Here L is the extent of the dendritic tree in length constants and X is the electrotonic distance of the synapse from soma. For a cell with a single, uniform, unbranched dendrite, p is the ratio of dendritic to somatic input conductance. The expression for k,, is independent of the branching pattern. However, if the cell has several major dendrites, p in the formula for kZI must be replaced by an expression that allows for loading of the soma by those dendrites that do not receive synaptic input. Typical values of L and p in a spinal motoneuron are 1.5 and 5, respectively. As an example, if the soma gives rise to five major dendrites with equal input conductances, kzl for a synapse onto one of these branches must be calculated by replacing p with l/N = 0.2 in equation 40, where N = number of equal dendrites. A synapse at the midpoint of this dendrite (X = 0.75) will have klz = 0.55, kzl = 0.20, and k2 = 0,ll. For synaptic input at the distal end of the dendrite (X = 1.5), k 12 = 0.425, kzl = 0.083, and k2 = 0.035.
COMPARTMENTALMODELS.
Graubard(15) calculated voltage attenuations for idealized neuronal architecture, using membrane properties estimated from anatomical and physiological studies in Aplysia neurons. In one case of synaptic input directly onto a major dendrite, her results implied k,, = 0.89, k = 0.96, and k2 = 0.85. In a similar case, &se values were 0.84, 0.91, and 0.76, respectively. For synaptic input onto a fine branch of a major dendrite, k,, was still large (0.89), but kzl was reduced to 0.22, and k2 was 0.20.
A compartmental model of cortical pyramidal neurons, founded on detailed anatomical measurements, was presented by Jacobson and Pollen (18 It is possible to extract estimates of k2 from those publications that provide sufficient data on the variation of PSP or PSC amplitude with F/m. For instance, in a crayfish lateral giant dendrite, plots of peak amplitudes of an EPSP and an IPSP versus Vm had slopes of 0.145 and 0.136, respectively (55). By equation 35, these slopes are underestimates of k2 between the synaptic input sites and the point of microelectrode impalement.
By applying equation 36 to our own previously unreported measurements of neuronal input conductance and peak synaptic current in voltage-clamped Aplysia neurons, we found the k2 estimates recorded in Table  2 . In two cells with chloride-dependent IPSCs (asterisks in Table 2 ), it was also possible to estimate k,, from the shift of reversal potential when extracellular NaCl was partially replaced by sucrose (see equation 19). This allowed us to set a lower limit on k,, in these two cells.
All these k2 estimates are based on peakamplitude measurements.
As noted elsewhere in this paper, summation of synaptic input would provide a larger, more accurate measure of k".
Extensions
and further applications This analysis requires fewer assumptions than any previous treatment of linear electrotonus. Therefore it leads to powerful generalizations and extensions of conclusions, which formerly had been derived only for special cases. For example, in a continuous cable model, Rall and Rinzel (41) resistance of the neuron at the synaptic locus, and RN is the input resistance measured at the soma. We show this to be a general property of linear electrotonus in any situation where the sites of synaptic input and electrode penetration are separated, regardless of neuronal geometry or the exact location of the synapse, by noting that the input resistance at the synaptic locus is Other parallels between the approach outlined here and cable or compartmental theory are easily demonstrated. It can be shown that k12 is identical to the "charge effectiveness factor" T(X) defined by Barrett and Grill(1). Furthermore, if the neuron in question is known to be adequately represented by a model consisting of an equivalent finitelength cable with lumped soma (39), then a knowledge of k,, leads directly to the effective electrotonic distance (X) of the synapse along the cable, as shown above (equation 39). X can also be calculated from a knowledge of kzl (equation 40).
Any differences between the electrotonic distances (X's), calculated using k,, and kzl, might be interpreted in several ways. The first and most obvious is that the neuron cannot be represented adequately by an equivalent cable model for locating the electrotonic distance of synapses. Second, excitatory synapses in mammalian central neurons usually terminate on dendritic spines. Jack et al. ( 17) have pointed out that the attenuation in potential from the spine head to the dendritic shaft is much greater than that from dendritic shaft to spine head. This lack of symmetry could account for any discrepancy in the calculation of X from k,, or k,,.
One model of synaptic plasticity postulates that dendritic spine resistance is a major determinant of the relative weights of synaptic inputs from different sources (38) . Measurement of ktz and k,, could provide a quantitative test of this and allied hypotheses.
An accurate measure of the synaptic equilibrium potential has not been achieved for mammalian central excitatory synapses. Soma reversal potentials have been measured in certain hippocampal neurons (22), spinal motoneurons (11, 12) , and cerebellar Purkinje neurons (29); but, as mentioned previously, if the synaptic input is at an electrically remote site, the apparent reversal potential will be unequal to the synaptic equilibrium potential (6, 22) . To make comparisons with better described peripheral synapses and to evaluate the actions of putative transmitters, the true synaptic equilibrium potential must be known.
One possible mechanism for altering the efficacy of synaptic inputs as a function of activity involves changes in the ionic selectivity of synaptic channels. In order to test this hypothesis, the true synaptic equilibrium potential would have to be measured independently of the electrotonic distance of the synapse. The analysis for k12 provides a basis for determining E, as well as the conductance ratios of the various ions involved in the PSP.
APPENDIX1 Estimating k2
Even in cases where the measurements required to obtain k12 and kzl are not feasible, it may be possible to determine their product, k? This coupling coefficient can be estimated from measurements of the variation of PSP or PSC amplitude as a function of soma potential. VOLTAGE-CLAMPAPPROACH.
Thissectionbegins with a derivation of the voltage dependence of the PSC as measured under voltage clamp. It proceeds most smoothly if the T network equivalent (27) of the cell is used, as shown in equivalent circuit (27) of the voltage-clamped neuron as seen from the synapse (Fig. 4) . This yields L44) where 2, is the impedance of Za and Zc in parallel, and 2, + Zb is the input impedance of the cell as seen from the synaptic locus. To derive the variation of Ipsc as the holding podV* = R, + Rb + I?, tential Yl at the soma is changed, it is necessary to find an expression for 12 in terms of V1, For this Substituting R,R,f(R, + R,) for purpose it is convenient to employ Thkvenin's ranging gives This coefficient represents the fraction of the syn aptic equilibrium potential that will be observe1 at the soma in the steady state under current clamp. We also define k,, as Rc2 kss = k12ks = (R, + R,)(R, + R, + I?,) (*lo)
It is clear that k, < kzl, and k,, < k2. Furthermore, if R, can be made much smaller than Rb + R,, the differences between k, and kzl and between k,, and k2 will become arbitrarily small. Thus, the slope of the plot of ispsc versus vi, and the resting conductance of the cell, can be used to find k,,, which is a n underesti mate of k2, k12, and kzl. If c, can be made very large so that u2 approaches E,, e.g., by repetitive stimulation in the presence of Ba2+, k,, and k2 will be nearly equal. CURRENT-CLAMP APPROACH.
The first term in equation Al depends on the current injected at the soma and is unaffected by synaptic input. Therefore, the PSP is described by the second term
To find I2 in terms of E, and G,, we again apply Thkvenin's theorem (27) , to obtain the equivalent circuit of the current-clamped neuron as seen from the synapse (Fig. 5) 
=
Es -z,h z~+zc+ l/G, In some circumstances it may not be possible to achieve temporal summation of synaptic current. Excessive "ripple" may appear in the current record despite high rates of synaptic activation when the synaptic region is "semiclamped" (i.e., close to the soma); or failure of transmission may intercede during repetitive presynaptic activity. Also, at times the experimenter must rely on infrequent spontaneous synaptic events.
Even so, the methods derived here can be modified to yield an estimate of coupling between soma and synapse. The peak magnitude dpsC of the current transient produced by a single synaptic event must be smaller than the steady-state, sumAs noted above, the value of v2 is unknown, and mated synaptic current ispsc there is no general expression for it in closed form. The problem can also be considered from the standpoint of the expression for qs as the integral of i2 qs=~mi2dt=~m(Es-~2)Gs(t)dt (A28) That is, the integral of the recorded current transient will give an underestimate of the integral of the synaptic conductance change. This situation occurs when the G, change is small compared to the input conductance of the cell as seen from the synapse or very brief compared to the membrane time constant, i.e., under conditions of excellent space clamping or weak synaptic input.
On the other hand, if synaptic action is sustained, then for much of the duration of synaptic current flow, v2 will approximate a value intermediate between k@h and E, given by These expressions reduce to equations A30 and A31 when C, is much smaller than G2. The voltage dependence of the integrated PSP in the currentclamped cell is described by a similar equation. The presence of G2 and k12 in equations A33 and A34 reflects the presence of the inevitable resistance in series with the recording site and the synaptic region. It is important to note that this resistance can be large compared to G,, even when k12 is near unity. Thus, all measures of synaptic conductance, including those derived by integrating the PSP or PSC (e.g., see Ref. 13) , are underestimates of the true conductance change. 
